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Abstract. Fused deposition modeling (FDM) or 3D printing is one of the promising techniques 
widely preferred to fabricate complex and customized 3D objects or prototypes for various 
engineering and non-engineering applications. With the growing demands of customized 
prototypes, researchers are facing a major challenge for maintaining effective part quality with 
adequate surface finish and strength; and minimizing the cost, defects, and waste in 3D printing.  
Condition monitoring is one of the strategies to achieve the aforementioned. It has a huge potential 
to minimize defects and print failures in 3D printing. The main objective of this research work is to 
perform online condition monitoring of the nozzle status with the help of vibration signals in fused 
deposition modelling process. The effect of nozzle clogging on the consistency of material 
deposition and its effect on surface finish has experimentally investigated in this work.  The set of 
experiments were performed by artificially creating the condition of nozzle clogging to investigate 
the effect of nozzle clogging on print quality (surface finish). Nozzle clogging condition was 
created by increasing the feed rate of polylactic acid (PLA) filament at a low heat supply rate to the 
nozzle by modifying the commands of 3D printer. The layer thickness was varied throughout the 
experiments to observe the nozzle clogging. The vibrations signals were acquired by using an 
accelerometer that was mounted near the nozzle. The data acquisition frequency of the 
accelerometer was 12500Hz. Further, the acquired vibration signals were analyzed using the Fast 
Fourier transformation (FFT) signal processing technique. Results revealed that nozzle clogging 
severely affects surface quality and geometrical accuracy of the fabricated 3D part due to nozzle 
vibration and non-uniform material deposition. Moreover, nozzle clogging and its relevant 
consequences like non uniform material deposition can be monitored using vibration signal-based 
condition monitoring during part fabrication and based upon that appropriate measures can be taken 




Additive manufacturing (AM) creates physical 3D objects from a digital design for a wide range 
of applications in various sectors such as tissue engineering, robotics, scientific tools, rapid 
prototyping, academics, defence, aerospace engineering, etc [1]. It is one of the advance layered 
manufacturing techniques that builds the functional parts and product prototypes using 
thermoplastics materials [2]. AM deliberately reduces the design, prototyping, and overall 
manufacturing time by eliminating the die, jig-fixture, and tooling requirements. One of the 
processes of additive manufacturing is very well known by Fused deposition modeling (FDM). In 
traditional manufacturing, the material removes from the workpiece to get the desired shape of the 
object, hence called subtractive manufacturing. Whereas, in the additive manufacturing process 
instead of removal of material, it gets deposited in the form of layers to obtain the desired geometry 
also known as 3D printing. 
Figure 1 presents the various steps of part manufacturing in 3D printing. In the 3D printing 
process, the computer aided design and drafting of the object to be produced is converted into 
STereoLithography format (.stl) with possible geometrical parameters. After this, the STL model 
undergoes verification before slicing. It is a pre-processing step to identify the surface defects such 
as hidden lines, triangles, poor edges etc. In the next step, the optimal build orientation is decided to 
avoid the overhanging and to provide the proper support. Later, the 3D design .stl file is sliced into 
the surface or a solid model. In the next step, the support is generated for overhanging features. 
Further, tool paths are created for both model and support features. Parameters such as print speed, 
layer height etc. are defined during pre-processing of the model. After pre-processing, the dedicated 
code for 3D printer is generated. In the next step, the 3D printer can be operated by supplying the 
dedicated code. Hence the physical model of 3D product is constructed through deposition of the 
filament material in layered manner as shown in Fig. 2. In this step, filament material is inserted via 
drive wheel into the heated nozzle through heater blocks which further extruded in the semi-molten 
format glass transition temperature on slightly heated build platform.   
 
This process is repeated continuously layer by layer until the completion of the printing process. 
After this, the printed part is undergone for cleaning and removal of support material (if any) [3,4]. 
In this 3D printing process, filament material plays a vital role to fabricate part with higher 
dimensional and geometrical accuracies. There are various kinds of filament materials available and 
used according to applications, required surface finish, and cost. Polyurethane (PUR), Polylactic 
acid (PLA), acrylonitrile butadiene styrene (ABS), Semi Flex, Thermo plastic elastomeric (TPE), 
thermoplastic urethane (TPU), etc. are commonly used thermoplastic filament materials generally 
used for the FDM process. Many researchers have performed studies to build an effective 














Fig. 1 Typical cycle for 3D printing of any object 
Part removal/Cleaning 
printed part. The various factors such as temperature, nozzle clogging, vibrations, misalignments, 
extrusion stop in the midpoint, dimensional inaccuracy, weak structure etc. are responsible to 
produce poor surface finish and defects in printing. 
 
 
Therefore, condition monitoring can be employed for tracking the printing quality for preventing 
print failures and defects. This technique provides the online feedback during printing which is very 
essential for fabrication of parts having large dimensions and take significant print time (>6 Hrs). 
Printing of small parts can be inspected by humans for possible printing defect and nozzle clogging, 
but continuous inspection by human eye for big parts fabrication is not feasible and cost effective. 
In case of defected printing and malfunctioning, the FDM machine makes a prior alarm or warning. 
This indicates to pauses/stop the printing that results in waste reduction and ensures the quality of 
the finished product. 
 
Very few articles have noted the application of temperature sensors, acoustic emission sensors, 
and vibration sensors for the performance monitoring of the FDM machine.  The data recorded with 
the help of a temperature sensor, infrared sensor, thermocouple, and accelerometer is analyzed with 
the help of machine learning and advanced signal processing techniques[5]. Some research work 
has been done using monitoring the temperature of FDM machine to evaluate the accuracy and 
quality of 3D printing. He et al.[6] developed the condition monitoring system to prevent nozzle 
clogging for fused deposition modeling (FDM) process using the temperature field. The 
temperature difference of each layer of the workpiece surface was obtained by infrared thermal 
imager (ITI). The authors approached the Qualitative Trend Analysis method (QTA) to identify the 
temperature difference in the printed layer. Malekipour et al. [7] applied the image-based 
thermograph technique using an infrared thermal camera to investigate the temperature distribution 
in printed layers, thermal evolution of specimen printed in different orientations.  
 Extrusion temperature plays a significant role as other operating parameters because of the 
sudden hardening of layered material as it fuses to the layer beneath. Inappropriate extrusion 
temperature causes warping and curling between layers fabricated during the FDM process, 
therefore thermal evaluation of deposited layers is an essential practice to better understand the 
Fig. 2 Concept or working principle of FDM 
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process. Researchers made effort and to monitor the FDM process by using acoustic emission 
sensors, thermocouple, machine vision, video borescope etc. Rao et al. [8] experimentally 
investigated the failure modes and defect in the additive manufacturing(AM) method using 
heterogeneous sensors array. The performance of 3D printer was assessed using accelerometers, 
thermocouples, real-time miniature video borescope and infrared temperature sensor. The acquired 
data were analyzed using the Bayesian Dirichlet Process (DP) mixture model and evidence theory. 
The authors concluded that the aforementioned approaches identified the defects and failure with 
reliability and accuracy of 85%.Wu  et al. [9]proposed a new technique to minimize the failure and 
defects in FDM process using the acoustic emission (AE) technique. Five different extruder 
operating conditions were analyzed using time-domain feature analysis in terms of ABS-Energy, 
counts, and RMS of AE hits. Results suggested that the new approach in the study have potential as 
a non-intrusive diagnostic and prognostic tool in the FDM machine. Yoon et al. [10] performed the 
health monitoring and fault diagnosis of 3D printer using Prognostics and health management 
(PHM)based AE and PE strain signal analysis techniques. Yi et al. [11] proposed the method by 
combining statistical process control and machine vision to ensure the quality level of 3D parts. The 
defect detection accuracy was increased significantly and all defects in the counter profile can be 
identified with the accuracy of 0.5 mm. Similarly, nozzle clogging, error printing, and loss of 
filament was detected using a real-time optical monitoring algorithm by single and double camera 
system [12]. 
The printing accuracy and reliability are mostly affected by the vibration characteristics of the 
3D printer ‘s nozzle.  The printing accuracy would be seriously affected by the resonation of the 3D 
printer if the vibration frequency is close to the natural frequency. The inappropriate printing with 
poor accuracy leads to produce defected product and printing failure [2]. Mechanical vibration 
severely affects the printing quality, to maintain accuracy, researchers improved the mechanical 
properties of FDM parts. In Fused filament fabrication based additive manufacturing techniques, the 
material extrusion rate and its consistency are the important parameters for part quality[3]. The 
extrusion rate depends on the layer height and nozzle diameter[13]. In case of any impurity or any 
printing parameter-related error, the extrusion may get affected and further, it will affect the part 
quality. A high production rate with adequate part quality is a desirable objective in additive 
manufacturing. The part quality can be assured by maintaining the required material extrusion rate 
from the nozzle.  
The review of selected literature indicates that additive manufacturing required continuous 
monitoring to ensure the material deposition in a planned manner (according to nozzle path) to 
avoid any fabrication related error. Monitoring of small parts having less build-up time is feasible 
up to some extent.  Whereas, monitoring is not feasible in case of large size parts that consumes 
more build-up time. On the other hand, nozzle clogging may significantly affect the part fabrication, 
and that can’t be assisting by the visual inspection. Nozzle clogging may cause vibrations in the 
system due to back pressure of filament feed motor. Researchers are facing major challenge for 
reducing the print failure and errors to minimize the printing cost. Condition monitoring of the 
extrusion system can be a helpful to know the consistency of the extrusion rate for reduction of 
print failures. Several articles are available in which condition monitoring of FDM has performed 
using vision, acoustic emission, and temperature-based techniques. However, limited articles are 
published in which the part quality has been monitored using vibration signals. In this study, the 
main objective of the research work is investigating the effect of nozzle clogging on the part quality 
and its surface finish through monitoring the vibration signals. An attempt has been made to carry 
out the FDM process by varying the layer thickness at constant nozzle temperature (180 oC) and 
feed speed (60 mm/sec). The responses were measured in terms of RMS values of vibration signals 





In this study, experiments were conducted for condition monitoring of the 3D printer nozzle 
using vibration signals. The commercially available Dimension Dual Delta 3D printer manufactured 
by J Group robotics having bed temperature range 30-110 o C, Nozzle temperature range 30- 260 o 
C, Layer solution 50 microns to maximum 600 microns, dual head etc. The hollow cylindrical 
prototype was fabricated as a test sample. The direct extruder was mounted between the three 
moving arms that consist heated liquefier block with 0.3 mm nozzle, cooling fan, stepper motor, 
drive gear with drive block etc. The accelerometer was placed bottom of the direct extruder and 




The position of accelerometer was decided based on the available literature. In order to acquire 
healthy signals of extruder, vibrations accelerometer was mounted on the same position as 
recommended by Tlegenov et al. [2] and Li et al.[14]. The accelerometer’s maximum heating 
capacity is 250o C and during the 3D printing, the heat was recorded 110-150o C, therefore, the heat 
from the liquefier heater block not significantly affected the signal acquisition of the accelerometer. 
The Bruel and Kjaer piezoelectric charge accelerometer having a sensitivity of 4.8 mV/g with a 
Accelerometer Charge Amplifier Signal Analyser 
Control Processing Unit 
Fig. 4 Block diagram representation of experimental setup 
 




mass of 2.3g is connected with OROS 34-real time charge 4 channel-amplifier. The NV Gate 
software was used to analyze the real-time signal acquired by the accelerometer sensor. The 
vibrations signals were acquired at the data accusation frequency 12500 Hz. Further MATLAB 
software was used to signal processing by converting the signal into time domain and frequency 
domain [13]. The schematic layout of the experimental setup is shown in Fig. 4. 
Surface roughness has been measured using handheld surface roughness meter PCE-RT 1200. 
Experiments were planned in such a way that the material flow rate will create a condition of nozzle 
clogging by increasing the volume flow rate at constant heat supply. In contrast to previous 
research, instead of varying nozzle diameter, physically the nozzle clogging has been created by 
varying the volume flow rate. The extrusion parameter is an important parameter of fused filament 
fabrication (FFF) based AM machine commands. Extrusion parameter is selected based on material 
deposition rate and nozzle diameter, and can be expressed as follows (Eq.1): 
 




2                                                           (1) 
Where: 
h is the layer height, SF flow modifier, Nozzle diameter d, and l is the length of straight line to be 
deposited. l is calculated from using the following formula (Eq. 2): 
 
                                        𝑙𝑙 = �(x2 − x1)2 + (y2 − y1)2                                                                (2) 
Where, x1, y1 and x2, y2 are coordinates of two consecutive points of nozzle path. 
 
Table 1. 3D printer parameter details 
Parameters  Values 
Filament Material Polylactic acid 
Colour Red 
A M Process Fused Deposition modeling 
Layer thickness(mm) 0.10, 0.15, 0.2, 0.25, 0.30, 0.35,0.40, 0.45, 0.50, 0.55 
Infil Density (%) 0 
Nozzle Diameter (mm) 0.3  
Nozzle Temperature (oC) 180 
Feed speed (mm/sec) 60 
Cooling Rate Build-in 
Bed Temperature (oC) 50 
 





















1 180 60 0.10 0.0426 0.940 12.23 
2 180 60 0.15 0.0490 1.151 14.45 
3 180 60 0.20 0.0514 1.114 15.75 
4 180 60 0.25 0.0488 1.156 16.34 
5 180 60 0.30 0.0505 1.261 20.14 
6 180 60 0.35 0.0502 1.235 21.92 
7 180 60 0.40 0.0514 1.293 21.12 
8 180 60 0.45 0.0534 1.429 25.47 
9 180 60 0.50 0.0502 1.442 30.57 
10 180 60 0.55 0.0531 1.356 28.75 
The material flow rate depends on the layer height and nozzle diameter corresponding to the 
print speed. By keeping the heat supply rate constant at the lowest point in such a way that can be 
sufficient to achieve glass transition of the material, and increasing the material flow for constant 
nozzle diameter, the nozzle blocking condition was created by modifying the extrusion parameter E.  
In fused filament fabrication based AM, it is essential to maintain a constant heat supply rate to 
achieve a glass transition temperature of feed material to ensure the constant material deposition. If 
the material flow rate will increase, then the heat supply rate should be increased accordingly. 
Moreover, the material flow rate also depends on the nozzle diameter. With the increment in 
material flow rate while keeping the heat supply at its lower rate, it will create partial clogging at 
nozzle output. For maintaining the heat flow at its lowest possible rate, the G code of the printer 
was modified accordingly. That modified code was supplied to the FFF based AM machine for the 
part fabrication. Significant printing parameters are shown in Table 1. According to the influencing 
printing parameters, the experimental plan has been developed (Table 2). The experimental plan 
was according to create the condition of nozzle clogging by changing the process parameters i.e. 
layer thickness was increased to ensure higher material flow rate at minimum extruder temperature. 
 
Vibration signal feature analysis for nozzle clogging 
In this study, some important features from the vibration signals have been extracted for 
effective condition monitoring of the nozzle. These features are statistical features such as root 
mean square (RMS), peak amplitude, Fast Fourier Transform (FFT), time-domain analysis, etc. The 
root mean square can be calculated from the signal, it is a square root of the mean value of the 
squared signal as given below in Eq. 3. 
 








1R = R (v)dt
v -v ∫                                                           (3) 
Where v2- v1 is the measurement time or integration time 
Fast Fourier Transform (FFT) is a specific implementation of a discrete Fourier Transform (DFT). 
FFT analysis helps to analyze the acquired signals in frequency domain characteristics where the 
recorded time-domain signals transfer into the frequency domain by the application of FFT. The 
FFT coefficient is calculated as follows (Eq. 4): 
 








 ∑                                                                       (4) 
 
Where n is the length of the data sequence {X1,X2,..........Xn} 
 
Results and Discussion  
 
In this study, monitoring the nozzle clogging using the vibration signal was the main objective to 
minimize the print failure, filament breakage, and extruder blockage etc. In the FDM machine, the 
condition without nozzle clogging is desirable for quality fabrication. Fig. 5(a) is a pictorial 
representation of the nozzle without clogging. Without the nozzle clogging, FDM machine works 
smoothly and produces a smooth surface finish on the prototype because the melted filament 
material does not go under any resistance and it can easily flow thorough the nozzle from heated 
liquefier with no hindrance. However, in the case of clogging and blockage due to semi-melted 
filament material causes flow resistance at the end of printer nozzle that results in nozzle get 
jammed partially or fully as shown in Fig. 5(b). Filament material may not completely be melted 
due to low temperature, high printing speed because sometimes filament material adhered or stick 
inside the nozzle and jammed the pathway for smooth flow. This result change in geometrical 
accuracy and surface quality of the printed prototype leads to an increase in printing failure or print 
error. Fig. 5(c) shows the time domain signal during the smooth flow of the melted filament 
material which deposited layer by layer for 3D object printing at feed speed i.e 60 mm/sec and 
nozzle temperature 180oC and lower layer thickness 0.10 mm. During smooth flow, there was no 
building-up of back pressure takes place by the solid filament in the extruder assembly. These 
results in melted filament came out without any restriction and difficulty and form fine layers 
deposition. Due to less restriction and smooth flow of filament material, the vibrations were 
recorded minimum by an accelerometer, Hence the waveform time-domain signal was visible stable 
with less amplitude. At high feed speed 60 mm/sec, nozzle temperature value 180 oC, and layer 
thickness 0.50 mm, the time domain signals obtained haphazard and unstable as evident in Fig. 
5(d). This represents, vibrations have increased in high layer thickness due to nozzle clogging. The 
nozzle clogging generated high backpressure in extruder assembly therefore amplitude of vibration 
signals has increased tremendously. The lower nozzle temperature, high feed speed, and high layer 
thickness causing the insufficient melting of filament material due to which certain semi-solid 
particles of filament materials may be sticking or adhering inside the surface of the extruder 
assembly.  
  
The frequency-domain signals help to decode the vibration signature corresponding to the 
different vibration frequencies [15]. In this article, the analysis of extruder signals is required to 
measure. So, frequency domain signals are analyzed corresponding to the extruder vibrations. In 
Figure 6, the frequency domain signals showing the increasing peak amplitude corresponding to the 
different nozzle clogging conditions (sample) at 10.8 Hz. The peak value in FFT (Fig. 6) is showing 
        (a)                                          (b) 
   (c)                                     (d) 
Fig. 5 (a) Nozzle with smooth flow without clogging (b) Nozzle with zigzag flow 
with clogging (c) Time domain signal during smooth flow of filament form nozzle 






































that the major amplitude of vibration signals in this zone are corresponding to the nozzle vibrations. 
In case of nozzle clogging condition, the backpressure inside the nozzle gets increased and the feed 
motor is required to apply more force to push the filament inside the nozzle. This pushing force of 
the feed motor is the cause of vibration in the nozzle, amplitude of vibrations increased 
corresponding to the nozzle clogging. Increment in vibration amplitude can be observed in the Fig. 
6 corresponding to the different experimental conditions. 
 
Fig. 6 FFT spectra of the vibration signals of FDM machine  
 
Moreover, when material flow resistance increases then it will cause an increment in the 
backpressure and hence further in the amplitude of vibrations, as shown in Fig. 6. It can be observed 




This study aimed to reduce print failure and print error associated with nozzle blockage in FDM 
using condition monitoring based on vibration acceleration. Acquired vibration signals have been 
investigated using a signal processing technique. Results show that nozzle clogging is one of the 
important factors which affects the quality of the finished part and can be monitored using vibration 
signals. The following conclusions can be drawn from this work: 
• The acquisition of vibration accelerations significantly assisted to sense the nozzle clogging. 
• FDM is an irreversible process; therefore, nozzle condition monitoring is a key approach to 
successfully reduce the geometrical inaccuracy, defected printing, and print failure. 
• An increase in backpressure by the feed motor caused vibration in the nozzle. High nozzle 
vibrations and clogging affected the quality surface finish. 
• Reduction in nozzle clogging can improve the functioning of and quality produced from 
fused deposition modeling. 
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